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Supplemental Figure 1. Characterization of monomer homology types in the
human reference assembly. (a) Distribution of top non-self percent identity of
pairwise alignments for each full-length monomer in the human reference assembly.
Grey highlighting indicates the threshold of 95% identity used throughout this study.
(b) Among the monomers that pass the 95% threshold, three types of monomer
homology patterns were detected: tandem monomer patterns often characterized as
higher-order repeats (type 1); those monomers that are not organized in tandem, yet
share high homology with monomer or monomers within the same chromosome (type
2); or those monomers that are not organized in tandem, yet share high homology with
monomer or monomers on different chromosomes (type 3). These monomer types are
not exclusive, as we observe monomers that are involved in both intra- and inter-

chromosomal relationships, as shown.
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Supplemental Figure 2. Read depth estimates for single-copy, divergent alpha
satellite DNA relative to non-repeat AT-rich sites in the reference genome
(GRch37/hg19). Read depth estimates of HuRef read alignments in assembled
regions containing monomers from non-homogenized repeats (Alpha) or non-repeat
AT-rich (ATR) regions demonstrate that alpha satellite read depth patterns are not
subject to sequencing bias and are defined by the same sequence coverage as known
euchromatic single-copy DNA. Unique genomic sites in the human genome were
identified by the lack of annotated repeats (RepeatMasker, tandem repeatFinder, and
segmental duplications/copy number variation) and by AT-richness corresponding to

the observed AT frequency in alpha satellite DNA (2 58% AT). A total of 20,294 single-

copy 171-bp windows (representing a control database of non-alpha single copy
sequences) were selected from these unique sites (19,023 from autosomes and 1,271
from X and Y chromosomes). HuRef WGS read alignment estimates reflect the
estimated coverage for each base in the unique genomic database and those alpha
satellite sequences that are characterized as single-copy (representing 15,497
monomers from autosomal pericentromeric regions and 772 monomers from the X and

Y chromosome).
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Supplemental Figure 3a-h: GRCh37/hg19 annotation maps for BACs tested in
human artificial chromosome assays. Alpha satellite annotations are presented (a-h)
for each BAC and corresponding genomic region (GRCh37/hg19). Identification for
each BAC and genomic coordinates are along the top of each UCSC browser image
(Kent et al. 1997). Monomer homology patterns are provided as individual tracks:
intra-chromosomal (type 1) monomer patterns are provided as known higher-order
repeats (HOR) (red), unknown HOR (blue), and 2- and 3-mers (yellow); inter-
chromosomal homologies (type 3) are listed with chromosomal color key and label
provided. CENP-B boxes are indicated in green, with labels indicating the distance
from the alpha satellite consensus CENP-B motif (CTTCGTTGGAAACGGG). Read depth
estimates are provided in blue, with corresponding 50-mer mappability tracks
subdivided into single-copy (light purple) and multi-copy sites (dark purple). Those

sites of CENP-A enrichment, defined as 2 2 log transformed ratio of relative

frequencies of 50-mers of IP /Mock, are indicated as either single-copy (light orange)
or multi-copy (dark orange) corresponding to the mappability track below. For
example, (@) DXZ1 is enriched for CENP-A, as observed across both single-copy and
multi-copy mappability tracks. With exception of those few sites that show CENP-A
enrichment (e.g. (b) chromosome X monomeric), the BAC regions selected in the study
appear to generally lack CENP-A enrichment, suggesting that they are non-functioning

at the genomic level in the HuRef cell line.



Supplemental Figure 4. BACs containing monomeric alpha satellite do not co-
localize with centromeric chromatin in HT1080 cells. Extended chromosomes (see
Supplemental Methods) from HT1080 cells demonstrate the presence or absence of
centromeric chromatin (defined by the presence of CENP-E, in green). BACs containing
monomeric alpha satellite used in this study: (a) RP11-557B13 and (b) RP11-6516,
shown in red, do not overlap with CENP-E, as observed for DXZ1 and D8Z1 higher-

order repeat arrays (c and d).
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Supplemental Figure 5. Representative results of human artificial chromosome
assays. Human artificial chromosomes derived from BACs from Xp:DXZ1-9HOR
(RP11-971021,a-b), 7q:D722-8HOR (RP11-435D24, c-d), and 4q:D4Z2bn-9HOR
(RP11-365H22, e-f) are identified by FISH (using HOR-specific alpha-satellite DNA,
shown in green) and shown to co-localize with centromere chromatin, centromere
protein A (CENP-A, shown in red).

Supplemental Table Legends

Supplemental Table 1. Type 1 alpha satellite monomer homology patterns detected
in GRCh37/hg19. Column header information is defined as follows: chr, hg19
chromosome; chrS, chromosome start position of monomer; chrE, chromosome end
position of monomer; bp_span, the length of the repeat unit (chrE-chrS); HOR, the
name of the characterized array referenced from available literature; HOR_Iit, the

corresponding citation for HOR provided.

Supplemental Table 2. Type 2 alpha satellite monomer homology patterns

detected in GRCh37/hg19. Column header information is defined as follows: chr, hg19
chromosome; chrS, chromosome start position of monomer; chrE, chromosome end
position of monomer; chrS_hom, chromosome start of intra-chromosomal monomer
homology patterns; chrE_hom, chromosome end of intra-chromosomal monomer

homology patterns; monPID, monomer percent identity (provided if 2 95%); distance,

bp distance between monomers (3’ monomer start - 5 monomer end).

Supplemental Table 3. Type 3 alpha satellite monomer homology patterns detected in
GRCh37/hg19. Column header information is defined as follows: chr, hg19



chromosome; chrS, chromosome start position of monomer; chrE, chromosome end
position of monomer; chr_hom, hg19 chromosome of monomer homology; chrS_hom,
chromosome start of inter-chromosomal monomer homology patterns; chrE_hom,
chromosome end of inter-chromosomal monomer homology patterns; monPID,

monomer percent identity (provided if 2 95%); SegDup_overlap, number of bases of

overlap with segmental duplication UCSC annotation track.

Supplemental Table 4. CENP-B box annotation from GRCh37/hg19 assembly.
Column header information is defined as follows: chr, hgl9 chromosome; chrS,
chromosome start position of CENP-B box motif; chrE, chromosome end position of
CENP-B box motif; CENP-B_diff, number of bases that differ from consensus sequence
(CTTCGTTGGAAACGGG); CENP-B_motif, CENP-B box motif sequence identified.

Supplemental Table 5. Summary of chromosomal mappable sites and CENP-A
enrichment. Results are provided for each reference chromosome assembly with
respect to mappability and CENP-A enrichment. Mappability estimates are subdivided
by their association with higher-order repeats (HOR) (including dimers and trimers,
often in higher abundance in the reference genome), non-HOR monomers (intra- and
inter-), and those monomers that are characterized as monomeric. Corresponding
sites (50-mer) of CENP-A enrichment (>2 fold) are provided for each mappability

category.

Supplemental Table 6. CENP-A enrichment summary within assembled higher-order
repeat sequences. Higher-order repeats (HOR_ID) on each reference chromosome
assembly (chr) are listed with respect to the number of sites determined to be
mappable (Mappable Sites), and the number of sites that are observed to be enriched
by CENP-A (CENP-A Enriched Sites), with the percentage of CENP-A enriched within
total mappable sites provided (% Sites Enriched).

Supplemental Table 7. CENP-A enrichment detected within sites of low/single
coverage, monomeric alpha satellite DNA. All regions reported must have two or more
overlapping 50-mers with CENP-A enrichment (>2 fold). Column header information

is defined as follows: UID (unique identifier), number of each catalogued site, chr, hg19



chromosome; chrS, chromosome start position series of overlapping enriched 50-
mers; chrE, chromosome end position of series of overlapping enriched 50-mers;

Number of overlapping 50-mers, the number of 50mer windows between chrS and chrE.

Supplemental Experimental Procedures

Extended Chromosome Protocol

General chromosome slide preparation as previously described [1]. Highly confluent
HT1080 cells (90-95% confluency) were treated with ethidium bromide to a final
concentration of 1.25 x 10> M for one hour prior to adding colcemid (150ug) for 30
minutes. Cells were placed in hypotonic solution (0.075M KCI) for 12 min at 37°C
before cytospin treatment (Shandon Cytospin 3) for 10 min at 2000 RPM. Fluorescence
in situ hybridization and immunostaining procedures were performed as described [2,

3], using a polyclonal rabbit CENP-E antibody.

Alpha Satellite Homology Patterns in the Reference Human Genome

To characterize alpha satellite sequence content and organization, we
performed pairwise alignments to assess patterns of intra- and/or inter-chromosomal
sequence homology with 39,986 full-length monomers obtained from the current
human genome (hg19), representing 6.8 Mb of assembled alpha satellite sequence
assigned to individual chromosomes. Approximately three-quarters of the monomers
(29,712) showed no evidence of high identity to any other sequences in the assembly
and thus could be annotated as divergent monomeric sequences [4-6]. The remaining
10,274 monomers, however, showed signatures of recent satellite expansion and/or
homogenization. Three patterns of homogenization were detected: type 1: local
homogenization, where either single monomers or multimeric blocks of monomers
have at least one near-identical tandem repeat unit (4407 monomers, 42.9% of all
homogenized monomers); type 2: monomers that share high intra-chromosomal
identity, but that are not in tandem (4468 monomers, 43.4% of all homogenized
monomers); and type 3: monomers that share high inter-chromosomal identity (2920
monomers, 28.4% of all homogenized monomers), of which roughly half (1521
monomers) are observed to also show intra-chromosomal homology (Supplemental

Table 1-3, Supplemental Figure 1).



In line with previous studies [7-10], we observed increased local
homogenization patterns directly adjacent to the centromeric gaps in the hgl9
assembly, confirming the presence of 13 well-known, experimentally characterized
higher-order repeat arrays, as well as two multimeric arrays with limited prior
characterization found on chromosomes 4 and 11. Although the majority of type 1
monomers (3830, 86.9%) could be assigned to these 15 higher-order arrays, we also
detected 577 monomers that appear to be involved in local sequence homogenization
events within the genomic context of divergent monomeric alpha satellite, perhaps
representing recent and limited homogenization events [11] (Supplemental Table 1).
These regions could correspond to patterns that are polymorphic between different
genomes, thus potentially confounding attempts to accurately map these refractory
parts of the reference assembly.

While type 1 patterns have been well characterized previously, types 2 and 3
patterns appear to be novel, representing sequence exchanges between non-adjacent
monomers, often spaced at considerable distances throughout the human genome.
Such monomers tend to be arranged within regional domains, as 45.3% of all intra-
chromosomal monomers share high homology with another monomer (or several other
monomers) within a 500 kb window. There are, however, cases where monomers are
homogenized at substantial distances, as we observe instances of monomer homology
spanning eight centromere gaps (that is, from the p-arm side of the gap to the g-arm
side) and/or between alpha satellite subsets that are located in non-centromeric
positions on the chromosome arms [8]. These long distance patterns are particularly
notable in the case of inter-chromosomal homology. For example, there are 860
assembled monomers (totaling ~183 kb) from the p-arm and g-arm of chromosome 9
that demonstrate high homology with 1,669 monomers from 14 different
chromosomes. The majority of inter-chromosomal homogenized monomers appear
to be interspersed within adjacent divergent monomers, possibly providing evidence
for sites of long-range sequence conversion within centromeric DNA. Indeed, only
20.2% (625 monomers) of type 3 monomers and 5.7% (255 monomers) of type 2
monomers are observed to overlap with known segmental duplications in the human
genome assembly. In total, we have identified 3696 pairwise intra- and inter-

chromosomal long distance homogenization patterns.



Previous efforts to identify alpha satellite sequence features associated with
centromere activity placed emphasis on both the presence of higher-order repeats (as
reflected by many of the type 1 patterns in abundant homogenized arrays) and the
presence of a centromere protein B binding site, the so-called “CENP-B box” [12-15].
Although 74.1% of all CENP-B boxes are found within homogenized higher-order
repeats (Supplemental Table 4), we found 342 CENP-B boxes that are not associated
with homogenized monomers, both within and outside of centromeric regions. It is
not clear what role, if any, these CENP-B boxes play within the context of monomeric

alpha satellite.
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